Abstract-High-power wireless power transfer (HPWPT) is a key enabling technology for the adoption of battery electric vehicles (BEVs). As the technology has matured from year to year, discussions of standardization and many commercial partners have come to the area. Much research has been done in this area, and the realization of high-power charging has been furthered by the introduction of new techniques and devices. Here, current high-power WPT systems are reviewed and the passive elements, devices, subsystems, and techniques that have been developed to reach high-power levels are briefly detailed.
INTRODUCTION
The area of inductive or wireless power transfer (WPT) has grown greatly in the recent years, with higher-power systems being demonstrated every year. This expansive subject includes many applications, but more recently the field of highpower wireless power transfer (HPWPT) has separated itself as the industry and researchers apply the technology to buses, automobiles, trains, and other transportation modes. These systems have been proposed as a technological solution to overcome the electrical storage and range limitations seen in the electric transportation sector today. In the context of this paper, HPWPT is defined as a system that demonstrates a peak power of at least 20kW battery power through contactless means. A brief list of such systems as applicable to transportation, including both commercial and academic institutions, is displayed in Table 1 .
The development of higher-power electric chargers is imperative for the adoption of electric vehicles. Whether wired or wireless, the infrastructure required for the large-scale implementation of electric vehicles must be powerful, convenient, and flexible to alleviate the need for large onboard energy storage, which now is a significant inhibitor to BEVs [15] . This viewpoint is apparent in public opinion. In surveys given on the use of electric vehicles, range and charging concerns largely dominated the responses [16] . Additionally, high-power charging is a key to reduce long electric vehicle refueling times which can typically take about 8 hours (i.e., overnight charging for about 100 miles of driving with a level-II charger). Furthermore, electrified heavy vehicles, such as delivery trucks or tractor trailers, could possibly require battery power of up to 140kW, and require even higher charging levels to charge in a reasonable time. Although most HPWPT systems are currently limited to about 50kW per pickup, it is not inconceivable to run multiple modules in parallel to achieve charging levels of up to 200kW. As the affordability of the systems is always paramount for industry acceptance, many of the current real-world implementations of these systems are for electric buses, which stop over the coils as part of their route. In many cases, these systems have proven to be less costly than conventional diesel buses and much more environmentally attractive for city centers.
With these implementations, WPT is becoming more accepted and widespread. Industry and commercial partners are active in this area and own the majority of high-power systems. As one result of this increased interest, the most recent development in this area is the Society of Automotive Engineers' J2954 Technical Information Report (TIR) on WPT [17] . In this TIR, four power levels are defined for WPT, the highest of which is 22kVA from the grid (assuming 0.95 power *In some case, system power ratings are given for the total system instead of per pickup ratings.
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factor and 90% end-to-end efficiency, 18.81 kW to the vehicle battery). Recommendations from the TIR, especially in regard to the nominal operating frequency of 85kHz, sometimes appear in the operating parameters of current HPWPT systems, such as the ones listed in Table 1 . While these systems demonstrate the feasibility of higher-power, interoperable systems adhering to the current recommendations, many other systems beyond 22kW demonstrate a physical necessity for lower operating frequencies. In any case, it is extremely important that higher-power systems nominally designed for heavy-duty vehicles can also power passenger vehicles because in parking lots, traffic lights, and highways, both sorts of vehicles will be present. This call is also present in other reviews of WPT [4] , [6] , [16] , and [18] . These reviews discuss many details of the technology, but reveal the need for a review of the power electronics and component-level advances that modern commercial and research-level HPWPT systems use. This review accomplishes this with a brief introduction to WPT and an overview of common HPWPT converter design considerations.
II. APPLICATIONS OF HPWPT SYSTEMS
In HPWPT, the intended application drives many of the design decisions. Typical tradeoffs include the designed magnetic coupling k as related to airgap (the magnetic separation between the primary and secondary), coupler and tuning compensation design, switching frequency, core and shielding losses, thermal considerations, and stray field [6] . Each of these factors must be taken into consideration when designing for specific transportation applications and systems intended for automobiles, buses, or trains often take very different forms due to space and airgap requirements. The magnetic coupling, which is higher with large-area couplers and short airgaps, greatly drives the ability of the system to effectively transfer energy. However, the need for systems to be compact may limit the ability of some systems to drive large amounts of power and limit the area available for the secondary coupler. For example, many systems intended for buses often rely on multiple integrated coils, effectively doubling or tripling the coupler area. In a car, the space to do this would not be available, and the integrated system would be somewhat limited to around 50kW [8] . Furthermore, if the vehicle onboard battery or the battery management system (BMS) is not designed to meet high input power, which would especially be the case if the HPWPT system was retrofitted by a third party, this may also further limit the ability of the system to achieve higher power levels [16] , [19] .
The overall system design largely depends on if the intended use in charging is static or dynamic. The idea of transferring energy to moving vehicles has always accompanied the research in this field, as seen in the work of the pioneers of the field [20] . On the other hand, the efficiency and comparative cost of static charging also makes it attractive and useful. Both concepts should eventually use interoperable, factory-installed couplers that operate with the same nominal frequencies and standards. The other option would be developing the dual frequency systems which can be tuned to two different frequencies depending on the operation at the cost of additional components such as switches and tuning capacitors. The acceptance of the technology by the major industry players and auto manufacturers, as well as the major regulatory agencies is likely the most efficient path to implementation of HPWPT [16] . Without this step, aftermarket systems, such as the ones sold by a few companies today, and the technology would be relegated to the outskirts of the market as a specialty or novelty product. Without wide-spread adoption, many arguments made to key companies and institutions for the technology lose power. These parties will need to make significant capital investment into this nascent technology to bring it to full functionality. Some have already begun to do so.
A. Static Wireless Power Transfer
In static or quasi-dynamic WPT, the vehicle is stationary over the primary coil and remains there as the energy transfer takes place. There are many applications for this sort of system. For static charging, many systems are designed to charge electric vehicles in garages or public parking lots. Several quasi-dynamic systems are also used to intermittently charge electric buses when they stop to pick up passengers. For the most part, the alignment of the couplers in these setups is assumed to be near-ideal, especially with the onset of autonomous vehicles, and the charger is expected to operate with high efficiency. This is much different than dynamic charging where the system may only have an instant or short period of effective power transfer time. Compact coil or lumped-element based couplers do well here such as the ones in Table 1 [4], [5] , [8] , [9] , [13] . These tend to use several turns of cable and ferrites to increase the coupling and efficiency of the system. Common coil designs used in high power systems are the double-D and rectangular coil types [21] although circular coils have also been used [9] . The rectangular and double-D coil types can be simplified to E-core and C-core transformers with significant air gaps. By making the coupler dimensions much larger than the airgap, power transfer can be achieved through typical vehicle ground clearances of 100mm to 250mm while maintaining high coil to coil efficiencies, but often within a narrow alignment range. Some designers have sought to further reduce this limitation by physically lowering the vehicle-side coupler to the ground-side coil, but this limits many of the advantages of the technology [6] . In most cases, a magnetic alignment system using very small auxiliary coils or electromagnetic field sensors is utilized to guide the driver for a relatively good alignment. A further review of coil-based couplers can be found in [18] .
B. Dynamic or Track-Based Wireless Power Transfer
The desire to transfer power on the move and the inherent alignment limitations and power discontinuity of lumpedelement couplers has brought about systems that use long couplers to transfer power. An illustration of this can be found in Fig. 1 . Currently, this family of systems is largely due to the work of the KAIST (Korean Advanced Institute of Science and Technology) team who has influenced much of the literature in this area [4] . Their On-line Electric Vehicle (OLEV) System is one of the few practically implemented dynamic wireless charging systems available [22] although the railroad system developed by the closely related Korean Railroad Research Institute is an impressive feat of scale [11] . Due to large sections of energized coil, these systems tend to be less efficient (around 74%) than the more-compact lumpedelement based systems (around 95%).
KAIST's most recently demonstrated system is the 5 th generation "S-type" track topology. By being slightly slimmer than the previous 4 th generation "I-type" track, the module cuts installation costs of road installation while maintaining similar functionality. So far, the operating frequency and power of these systems have been limited by the large voltages needed to drive high-inductance track sections with the requisite amount of current [2] , [4] . To reach higher power levels, this fundamental problem must be solved. To this effect, KAIST has proposed a 6 th generation (6G) system that uses no ferrites in the track that will hopefully address this problem [23] . By making this fundamental change, the operating frequency of the system could theoretically be boosted to the SAE J2954 frequency of 85kHz with a total system cost decrease. Once implemented, this idea would significantly open the research area and provide a compelling system that is also interoperable with the current recommendation for the mass-implementation of this technology.
III. REVIEW OF RELEVANT POWER ELECTRONICS:
The recent advances in HPWPT have not come about by happenstance. The betterment of magnetic materials, highfrequency conductors, semiconductor devices, and computing has allowed these systems to take form in the recent years. The HPWPT system is not altogether different than a wired charger. The main difference between the two is that wireless couplers are used instead of a closed high-frequency transformer in WPT [6] , [24] . As with most development, fundamental advances will come about from an increase in the Pareto envelope, which is essentially a measure of the operational attainability, of the individual components, which allows the total design envelope to shift [25] . Power electronic designers use this process to gradually increase the limits of what can be achieved. In HPWPT, increases in the operational limits of the technology will continue to be made possible by wide-bandgap devices, higher currents and voltages, larger coupler sizes or advancements in coupler geometries, parallel and multiphase architectures, higher frequencies, and others. Essentially, each of these seek to circumvent or improve active and passive element limitations to couple more power from the primary to the secondary.
A. Device Limitations and Passive Elements
Converter performance is often limited by one or two components. In the case of HPWPT, these are often the passive elements and switching devices used in the high-frequency stages of the converter. It is imperative that the WPT system operates at a moderately high frequency, as the systems in Table 1 do, as the magnetic field generated at the primary and the voltage induced at the secondary is proportional to the frequency. For a given mutual inductance between the primary and secondary couplers M, the open-circuit voltage induced in the secondary coupler by the primary current at a frequency = 2 is
Similarly, the short circuit current of the secondary can be simply expressed as where is the secondary inductance [26] . The mutual inductance can be improved up to a point by increasing the area of the couplers relative to the air gap, but the need for reasonably compact systems often dictates that the operating frequency or the primary current rise. This too is a tradeoff as higher operating frequencies tend to limit the needed area of the couplers, but can incur other losses such as skin-effect conduction losses and switching losses.
Lately, the introduction of high-frequency circuit components has great helped reduce the detriments to higher frequency operation. Among these, the use of Litz wire to prevent skin-effect conduction losses has been fundamental. Litz wires maximize surface area by weaving together smaller, individually-insulated wires to form larger wires, which reduces the overall AC-resistance of the cable. The need for several turns of conductors in a coupler, especially in the case of track-based couplers were long lengths may be needed, makes the selection of Litz wire a priority for any HPWPT system [24] . Also, thin-film or metalized film capacitors with low dissipation factors and loss tangents are used to prevent parasitic losses in the compensation stages where large alternating currents can cause excessive losses and eventual failure in most types of capacitors. Compensation capacitors must withstand significant voltage stresses in normal operation and provide significant amounts of instantaneous power to compensate the coupler inductance [24] .
The need for higher frequencies can increase the switching losses of the HF inverter, especially in the case of hard switching. Faster devices tend to reduce these losses, but have historically been rated for less voltage and current than highpower semiconductors. The recent introduction of widebandgap semiconductors like Silicon-Carbide (SiC) has allowed researchers to reach HPWPT easier than with conventional Silicon-based devices [6] , [14] , [27] . The benefit of these devices is their ability to withstand much greater voltages with thinner, and thus faster, semiconductor thickness [28] . In high-frequency, high-power applications, such as HPWPT, high-voltage SiC devices can greatly reduce the switching losses present and the continued development of these devices, such as SiC MOSFETs, has been a breakthrough advance in high-frequency, high-power operation [29] .
B. Front-End Rectifier As in Fig. 2 , most standalone WPT systems contain an AC-DC converter to transform the utility voltage to a regulated DC-bus voltage [6] , [13] , [14] , [30] , [31] , [32] . This is not entirely different from industrial active-front-ends (AFEs) and other power-factor correctors (PFCs) used for motor drives and other industrial applications, but in WPT the dc-link reference voltages of the primary and secondary side are often controlled to regulate the power flow of the entire system as the tuned coupling stages are normally ran at or near the optimal operating frequency at a constant duty cycle [6] , [33] . For a turn-key system, the AFE or PFC rectifier is part of the overall system and must be integrated into the design. Many types of converters are available for use in these systems [34] , [35] , but typically systems will use the three-phase boost PFC converter as the needed DC-link voltage can be higher than a rectified 220, 240, or 480V grid connection.
By observing the need for AC-DC and then DC-AC conversion, AC-AC converters such as matrix converters have also been proposed to combine stages [36] , [37] . However, the control of these converters is complicated, and the use of these in a HPWPT system has not been demonstrated.
C. High-Frequency (HF) Inverter
The need for the coupler to operate at high-frequencies with high volt-amp (VA) ratings often drives the design of the HF inverter. Many different approaches have been taken in recent systems to overcome device ratings including parallel modules [38] and HF transformers [32] , [38] , [39] , multi-phase resonant converters [13] , [14] , parallelization of switching devices [6] , and zero-voltage switching (ZVS) [3] , [6] , [10] , [13] , [32] . These techniques attempt to push more current through the coupling coils without incurring limiting losses.
High-Frequency (HF) Transformers
In some systems, the use of a HF transformer after the inverter garners benefits such as electrical isolation and better system performance through control of the turns ratio, allowing inverter operation at higher voltages and less current [32] . A multi-winding HF transformer can also be used as a Fig. 2 . Block diagram of a typical HPWPT system. Here the primary side is the grid to coupler and the secondary side is from the coupler to the load. Each of these systems is configurable, able to be parallelized, and optimized for the application as will be discussed.
voltage summer by inductively linking inverter modules together [38] . This is often seen in track-based systems where the voltage and current constraints of the switching devices can limit performance and was recently used by the Korean Railroad Research Institute to drive a 128-meter track coupler [11] . A main concern for this sort of modular layout is the propensity to develop circulating current should any control or physical mismatch be present between the inverter modules. This can be controlled by adapting the phase angles between the inverter H-bridges [38] . Similarly, the multi-phase inductively coupled resonant converter of [13] , [14] controls these phase angles to vary the amount of power transmitted by actively changing the phase shift of each of its phases. As expected, the converter transmits the most power (25kW) through the primary coupler when the phases are closely aligned.
Paralleling Devices
As mentioned previously, the introduction of wide-bandgap devices has bolstered progress in the area of high-frequency, high-power power electronics. However, the current rating of these devices is often low, and to expand the application of the devices even further in HPWPT, the parallelization of devices has been undertaken [6] , [8] . In this case, three SiC MOSFETs are used for each switching of an H-bridge inverter, totaling 12 devices. Current is divided among these three in order to split the maximum 120A inverter operating current among devices. In this technique, careful consideration of device and layout mismatch is needed to prevent current imbalances [40] , [41] . This practice is common with other high-frequency, highcurrent converters.
3. Soft Switching Operation As switching losses often scale with switching frequency, many systems require techniques such as soft switching to prevent significant losses [3] , [6] , [10] , [13] , [32] . In HPWPT systems using MOSFETs, typically the HF inverter is operated above the resonance of the coupler tuning, which allows the input impedance seen by the HF inverter to be inductive. As the inverter current then lags the turn-on of the device, current will be flowing through the body-diode of the MOSFET before a gate-source voltage is applied resulting in zero-voltage switching (ZVS) and near-zero switching losses. Often, the dependence of ZVS on the input impedance seen by the HF inverter in a system where impedance can vary based on coupling factor leads to a worst-case design constraint to assure ZVS in cases where the coupling factor is higher than expected or low receiver resistance occurs. These variations can cause an effect called bifurcation in which the impedance of the system can split poles in the frequency domain [6] , [42] , [43] . This can ultimately lead to a capacitive input impedance seen by the HF inverter and attributable hard-switching losses if not accounted for in the design process.
D. Compensation Topologies
With only the inductance present in the couplers, a large amount of reactive power is needed to achieve even a modest amount of current. The inverter must supply all this additional power which greatly limits the ability of the system to transfer real power. Because of this, a compensation capacitor or tuning network is used to supply the reactive power. The tuning has a direct impact on the tolerances and ZVS of the HPWPT, and extensive literature has been written on the various possible permutations of capacitors and inductors [6] , [44] . The main consideration for these designs is the level of misalignment tolerance needed while accounting for the additional losses introduced by adding additional elements [45] . In most HPWPT system, couplers with more than one parallel or series compensating capacitor are avoided as the inefficiencies of each additional element tends to cascade and reduce efficiency in addition to increased complexity [45] , [46] . The main compensation topology often used in HPWPT is series-series (SS) tuning as among most of the topologies in Table 1 . This tuning topology is the only configuration that does not vary resonant frequency with coupling factor or alignment and is very efficient when perfectly aligned [6] . Also, as seen in [11] , SS compensation is sometimes a way that distributed compensation can be implemented in long track couplers. Series-parallel (SP) has also been demonstrated in systems where a constant voltage is desired regardless of the secondary load resistance [32] , [44] , [45] .
There are potential drawbacks to the SS and SP topologies however. In cases of misalignment or without a secondary coupler present, the impedance seen by the primary inverter decreases and large currents can if the primary DC-link voltage is not controlled [19] , [43] . The problem can be solved by using parallel-series (PS) or parallel-parallel (PP) compensation, but then maximum power can only be achieved when perfectly aligned which is very unlikely with human drivers [6] . LLC and LCC tuning configurations are also practiced in an effort to accomplish constant primary coil current thus the constant secondary voltage regardless of the load and alignment conditions. This approach essentially reduces the control system complexity and feedback communication requirements from secondary to the primary [47] , [48] .
E. Secondary-Side Power Electronics
Batteries are a primary concern for the adoption of BEVs, and utmost care is taken to reduce stress on the system and to prevent damage to the often-expensive battery pack. Manufacturers of BEVs include robust battery management systems (BMS) to protect the battery from harm including over-voltage, over-current, short-circuit, over-charge, deep discharge, and over-temperature incidents. In a HPWPT system, it is critical to regulate the quality of the power and limit transient currents seen by the battery with a control system and by including a rectifier, filter, and possibly a DC-DC converter. Without any sort protection, the battery directly affects the effective load seen by the rectifier and is subjected to rapidly varying currents [43] . Conventional BEV batteries charge with standard charging profiles. BEVs with Li-ion batteries, for example, charge with a constant current up to about 80-90% state-of-charge (SOC) through on-board or DC fast chargers [19] . Therefore, steady control of the battery current is desired for the health of the battery. The introduction of a controlled rectifier and DC-DC converter has allowed some systems to seek a more efficient operating state while maintaining this [5] , [7] , [43] , but it is still possible to forgo this and use a simple diode rectifier when using a constant current controller to continuously regulate the primary side [32] .
In the same way that a HF transformer inductively linked together several inverter modules in [11] , pickups and DC-DC converters can also be made to share current. In the secondary side converter of [7] , three modular DC-DC converters are used in parallel. While this solution exists for a single coupler system, some larger systems use parallel pickups and rectifiers to scale to levels approaching a megawatt with 200kW pickups [11] or to 600kW using 50kW pickups [49] . This method is ubiquitous in industry solutions for electric buses, an application where most of the current industrial systems are operating.
IV. CONCLUSIONS
In the recent years of growth, industry members have increasingly become major players in the development of HPWPT. This is a clear sign of the technology's acceptance and practicality. As the industry packages individualized systems for use with E-buses and BEVs, it is important for research to continue to expand the use of the technology to conceivably cover all vehicle types with interoperable systems and to continue to lessen the cost of implementing these systems. Only when the economic and technological case is fully made will top-tier auto-manufacturers and institutions potentially look to expand the technology to major highways, parking lots, traffic lights and on vehicles as a standard. Although guidelines have been put in place by the Society of Automotive Engineers, J2954 is limited to light-duty vehicles in stationary charging applications. Many other systems, especially those using track-based primary couplers promising for dynamic charging are not regulated by standards yet since they are still under development. Of the four frequencies ranges identified for WPT at 22kHz, 48kHz, 85kHz, and 144kHz respectively, one must be cohesively used both for HPWPT and for passenger BEVs should the technology be wholeheartedly adopted by the automotive industry.
Novel solutions in the field continue to be presented yearly by researchers, and these, some of which briefly presented here, have bolstered the field. Although knowledge in this area has certainly increased from that of the early pioneers, the advances in the electronic components, devices, and conductors available now have greatly increased the potential of high-frequency, high-power converters such as HPWPT systems and will continue to. WPT will continue to evolve as a viable solution for electrically-powered transportation and will surely grow as transportation electrification progresses.
The reader is further encouraged to read the following review papers and reports in this area [1] , [3] , [4] , [16] , [26] .
